A multi-junction concentrator system computer model is presented, that aims to accurately model the power generated based on environmental data input, such as the irradiance, air temperature, humidity and pressure. The device model is discussed, illustrating the importance of statistical variation of module components when simulating a multi-cell module. This comprehensive concentrator computer model will be released for general use, aiming to become a useful resource for those designing and testing multi-junction based concentrator systems.
Introduction
Highly efficient Ill-V multi-junction solar cells have recently been incorporated into terrestrial solar concentration systems, prom ising high power density and potentially reducing the cost of photovoltaic power generation [l] . Field tests are currently underway on such concentrator modules at two locations in Japan, lnuyama and Toyohashi University of Technology [2] . Regular measurements of the system power output, IV profile and solar irradiation are made, together with meteorological measurements such as temperature, humidity and wind speed. Various module configurations are under test, but in this paper the discussion is restricted to a 550X module, composed of a Fresnel lens followed by a homogenizer to give a concentration ratio of 550 suns at the photovoltaic cell surface. The triple-junction InGaP/lno.olGaAs/Ge solar cell attains an efficiency in excess of 38.9% for concentration ratios between 100 and 500 suns [I] and has been incorporated into a 20 cell module with a maximum module efficiency of 28.9% [3].
However the behaviour of these multi-junction modules in the field is sometimes complex and it can be difficult to extract detailed information regarding the performance of the concentrator system simply by inspecting the data. To obtain a greater understanding of the concentrator system in the outdoor environment, a computer model has been developed that simulates the concentrator system under realistic conditions. The computer model serves as a tool for evaluating particular concentrator system designs, identifying problems as they become apparent, as well as offering the possibility for calculating the annual power output under particular climatic conditions. In particular the spectral irradiance, PV cell temperature effects and statistical variation in the module components must all be accurately modelled if the module power output is to be correctly predicted. In this paper, the device and module modelling is described. extending the discussion presented at a previous conference [ IO] .
Description of the Syracuse computer model
The computer model, called Syracuse, is broadly composed of four components and is illustrated in figure 1 . The first is a spectral irradiance model that accounts for climatic variation in the sunlight, giving a realistic estimate The Syracuse model is written in the Java programming language and is designed to. be easy to use and the user input takes place through a series of forms and windows, making it straightforward to inspect parameters and set up simulations. All the user inputs are passed as appropriate netlist files to the freely available SPICE circuit network solver [5] . The The database holds both instantaneous and averaged measurements, employing the following data filtering scheme. Measurements of direct normal irradiance (DNI), global irradiance (GI), module temperature, ambient temperature. humidity and a fuIl IV curve are taken every 10s at the test site. First a decision is made regarding the suitability of the data. If only the GI is greater than 10 W.mQ, the environmental data and GI is accepted but not !he module IV data. Once the DNI is greater than I OW. "
Accepted data is then passed through a 3-point filter, where the median value of the three data points is selected as representative. The purpose of this filter is to eliminate spikes in the data that typically disrupt one measurement. The data that the full IV data is accepted. , , I , , , , , , , . . l , , , , l . . . . , , , , , l -772
where Ego is the bandgap at OK and a, b are empirical coefficients. For simplicity, the mobility and surface recombination velocity were assumed to be independent of temperature. figure 2 are calculated assuming completely disordered InGaP. but in practice a small empirical adjustment to the absorption coefficient is required to account for compositional ordering that commonly occurs in the lnGaP junction.
The Ge absorption coefficient was taken from experimental data 11 01. A typical concentrator module usually consists of many multi-junction receivers connected in series. While it is computationally advantageous to assume each cetl in the module is similar, this leads to inaccurate results.
Therefore all the cells in the module can be simulated with a Gaussian Isc distribution to account for cell and module manufacturing tolerances.
IV Calculation With Experimentally Measured Spectral Irradiance.
The spectral irradiance was measured on the September 2004 at 1216 and is shown in figure 3. The data was used to calculate the subcell photocurrents and generate the module netlist for a 550X concentrator module design consisting of 20 InGaPllnGaAslGe multijunction cells connected in series, uniformly illuminated using dome shaped Fresnel lenses and a glass homogeniser [ 1 I].
The appropriate module temperature was extracted from the database and a 20°C offset added to obtain the cell temperature. The calculated IV curve was then compared with experimental IV test data taken almost simultaneously. The results of the calculation are shown if figure 4 and show a remarkably good fit to the experimental data. In particular, there is a gradual loss in current as the module bias is increased due to current mismatching in the module. If each series connected cell is assumed to be identical, the IV-curve is almost completely flat between 0 to 50V. However, introducing some random variation in the Isc leads to the observed slow degradation in current resulting in a lower fill factor.
This behaviour is simply due to the bypass diodes which shunt the poorly performing cells at low module biases. At higher module biases the poorly performing Celts become forward biased, so the bypass diodes no longer shunt the poorly performing cells, and the overall module current drops. Only a small distribution in short-circuit currents is required to give this effect, as noted in a prior study The excellent agreement between the model and experimental data demonstrates that if the spectral irradiance is known or can be calculated accurately. then a reliable calculation of the concentrator module power output can be made. The subject of accurately modelling the direct spectral irradiance is currently under study.
Calculating the Module Temperature Coefficient
The temperature coefficient of the concentrator module is a particularly difficult parameter to measure experimentally, primarily due to the fact that all testing must take place outdoors under largely uncontrolled conditions [12] . It was therefore considered desirable that the temperature coefficient be calculated theoretically as a reference for experimental attempts. 
COMCLUSlON
The Syracuse computer model allows users to analyse the performance of multi-junction concentrator systems and generic multi-junction devices. Recent validation tests have shown that accurate simulations can be performed and it is hoped that the model will become a valuable tool for designing multi-junction concentrator systems, investigating unusual concentrator system behaviour and for improving the design of multi-junction concentrator modules. The model will be offered to the photovoltaic community by mid-2005 and will be available from the web-site: www.syracuse-pv.webhop.org
